Neural networks for processing language often are reorganized in patients with epilepsy. However, the extent and location of within and between hemisphere re-organization are not established. We studied 45 patients, all with a left hemisphere seizure focus (mean age 22.8, seizure onset 13.3), and 19 normal controls (mean age 24.8) with an fMRI word definition language paradigm to assess the location of language processing regions. Individual patient SPM maps were compared to the normal group in a voxel-wise comparison; a voxel was considered to be significant if its z-value exceeded j2j. Subsequently, we used principal component analysis with hierarchical clustering of variance patterns from individual difference maps to identify four patient sub-groups. One did not differ from normal controls; one had increased left temporal activation on the margin of regions activated in controls; two others had recruitment in right inferior frontal gyrus, middle frontal gyrus and temporal cortex. Right hemisphere activation in these two groups occurred in homologues of left hemisphere regions that sustained task activation. Our study used novel data driven methods to find evidence for constraints on inter-hemispheric reorganization of language in recruitment of right homologues, and, in a subpopulation of patients, evidence for intra-hemispheric reorganization of language limited to the margins of typical left temporal regional activation. These methods may be applied to investigate both normal and pathological variance in other developmental disorders and cognitive domains.
Introduction
One-third of patients considered for epilepsy surgery exhibit either bilateral or right hemispheric dominance ('atypical language dominance') for language assessed by the intra-carotid amobarbital test (IAT) or fMRI (Rasmussen and Milner, 1977; Gaillard et al., 2007) compared with 5% of the normal right-handed population (Pujol et al., 1999; Springer et al., 1999; Szaflarski et al., 2002) . These differences are thought to represent either re-organization, where the primary region of language processing has moved, or compensation, where additional areas are recruited to assist in language processing. Inter-hemispheric shifts in language processing are thought to occur in right-sided homologues of Broca's and Wernicke's areas based on visual and region of interest (ROI) studies (Staudt et al., 2001 (Staudt et al., , 2002 Gaillard et al., 2002 Gaillard et al., , 2004 Gaillard et al., , 2007 . Intrahemispheric reorganization/compensation, however, is more difficult to assess. Electro-cortical stimulation (ECS) studies suggest identification of language cortex in areas adjacent to classical language processing areas but normative data are not available for comparison (Ojemann et al., 1989; Devinsky et al., 1993; Hamberger et al., 2007a, b; Sanai et al., 2008) . The two standard methods of MRI analysis both suffer from inherent weaknesses. ROI-based approaches are constrained by a priori assumptions and analyses restricted to preselected regions. In contrast, a limitation of traditional fMRI group analysis techniques (e.g. random effects) is that individual heterogeneity is lost (Berl et al., 2005; Price et al., 2006) .
In order to overcome these limitations, we used adaptations of voxel based approaches applied to data driven sorting algorithms Liu et al., 2001; Rugg-Gunn et al., 2001 Kim et al., 2002 Kim et al., , 2003 Turkeltaub et al., 2004; Fair et al., 2006) . We tested the hypothesis that patients with left hemisphere onset epileptic foci would exhibit evidence of:
(1) Inter-hemispheric reorganization restricted to right homologues of Broca's and Wernicke's areas; and (2) Intra-hemispheric reorganization in brain regions adjacent to those areas that typically sustain language.
Further analysis was conducted to test whether identified subgroups showed differences according to demographic or clinical variables including age of epilepsy onset, duration of seizures, pathology or indicator of early brain insult.
Methods Subjects
We studied 45 English-speaking patients with a left hemisphere seizure focus determined by clinical characteristics, video EEG and structural MRI. Their mean age was 22.8 years (range 9-57 years), with mean age seizure onset 13.3 years (range 1-38 years) and mean duration of seizures for 9.9 years (range 0-55 years) (Table 1) . Eleven patients were younger than 18 years (range 9-15 years). Thirty-one (69%) patients had a temporal focus and 14 (31%) had an extra-temporal focus. Twenty-five (56%) patients had a normal MRI while the remaining patients had an abnormal MRI: 10 (22%) tumour/focal cortical dysplasia; 6 (13%) stroke and 4 (9%) mesial temporal sclerosis (MTS). Eight patients (18%) had atypical handedness determined by clinical assessment. Indication of an early insult was defined as positive if at least one of the following was true: onset was before age 6 years, developmental tumour, focal cortical dysplasia, age at stroke or atypical handedness. Twenty-seven (60%) of the patients had some indication of an early insult. Twenty-three patients were included in a previous study (Gaillard et al., 2007) .
Nineteen right handed, native English speaking, healthy volunteers, mean age 24.8 years (range 21-56), with typical language laterality determined by bootstrap ROI methods constituted the normal control group (Wilke and Lidzba, 2007) . We excluded healthy controls with atypical dominance as their inclusion might unduly influence the analysis using the VBM methods described below. Previous investigations have demonstrated that a minimum of 15 healthy subjects is needed to detect reliably left hemisphere language activated regions (Seghier et al., 2008) .
Image acquisition
The participants were scanned using whole-brain BOLD functional MRI at 3 T (General Electric Medical Systems, Milwaukee, WI). Gradient echo-planar images were collected using TE (echo time) = 30 ms, field of view (FOV) = 22 Â 22 cm, acquisition matrix = 64 Â 64, and interscan interval (TR) = 2000 ms. Brain volumes consisted of 28 Â 4 mm thick axial thick slices. Anatomical images were collected using a 3D fast SPGR sequence and brain volumes consisting of 28 Â 4 mm thick axial slices. Images were collected parallel to the anterior commissureposterior commissure plane (Gaillard et al., 2007) .
Experimental paradigm
The fMRI task, an auditory description decision paradigm, is designed to engage and identify the broad language processing network on an individual basis necessary for effective presurgical evaluation. Tasks that require phonological and semantic verbal fluency activate dominant inferior frontal cortex (Broca's area); tasks that incorporate semantic decisions also preferentially activate BA 47 (Poldrack et al., 1999; Bookheimer, 2002) . These tasks have also been associated with activation in the left dorsolateral prefrontal cortex (MFG BA 9,46), postulated to be implicated in working memory aspects of task, and also anterior cingulate and mesial frontal cortex that are postulated to reflect attentional demands and motor planning (Binder et al., 1995; Wood et al., 2001) . Paradigms that have been used successfully to identify Broca's area for planning epilepsy surgery include verbal Yetkin et al., 1998; Lehericy et al., 2000; Fernandez et al., 2001; Ramsey et al., 2001; Adcock et al., 2003; Woermann et al., 2003; Gaillard et al., 2004) and semantic decision (Binder et al., 1996; Frost et al., 1999; Carpentier et al., 2001) . Tasks that stress comprehension of sentences and phrases yield stronger activation in Wernicke's area than do fluency and single word semantic decision tasks (Schlosser et al., 1999; Lehericy et al., 2000; Gaillard et al., 2001 Gaillard et al., , 2002 Gaillard et al., , 2004 Staudt et al., 2001; Wise et al., 2001; Thivard et al., 2005) ; tasks that combine aspects of comprehension and semantic decision of fluency provide both (Bookheimer et al., 1995; Carpentier et al., 2001) . Findings from these latter studies have been confirmed by invasive assessments of language systems lateralization by IAT (Carpentier et al., 2001; Gaillard et al., 2002) and localization by ECS (Malow et al., 1996; Bookheimer et al., 1997; Hamberger et al., 2005 Hamberger et al., , 2007a and thus were adapted for this study. The active condition requires a semantic decision based on a word definition (A long yellow fruit is a banana) identified with a button press while the control condition consisted of reverse speech with a button press upon hearing an after-going tone. The use of sentences rather than single words is designed to activate left temporal 'receptive' language cortex, the semantic retrieval and decision aspect of the task is targeted to activate left inferior frontal 'expressive' cortex (Gaillard et al., 2007) . The task likely draws upon verbal working memory (left mid frontal cortex) and areas implicated in attention and planning in mesial left frontal cortex. Seventy percent of items were correct targets, 30% foils. The task was presented in a block design with five 30 s blocks of alternating active and control conditions for a total time of 5 min. The control and experimental stimuli were presented using the Windows-based program E-prime. Auditory stimuli were digitized and presented via pneumatic earphones. Patients were instructed to remain silent and motionless.
Responses were performed via fibre-optic push button response recorded by PC in E-prime version 1.1 (Psychology Software tools, Inc., Pittsburgh, PA).
Data analysis
All image data processing was performed using Statistical Parametric Mapping software (SPM2) (University College London, London) and the Statistical Analysis Toolbox through Matlab (The MathWorks, Inc; Natick, MA). Rendered volumes were created using MRIcroN (Chris Rorden, University of South Carolina, Columbia, SC). Initial preprocessing of the data was performed in SPM2. The volumes were realigned to correct for motion, normalized to a standard brain volume (MNI) and then smoothed to 8 mm FWHM. Individual t maps (contrast images) were then generated by comparing the active and control conditions on a voxel-wise basis using a fixed effects model. A group map for the normal control group was also generated using a random effects analysis. Three further analyses were performed on the individual data sets in order to identify how each individual patient differed from the normal group on a whole brain basis and then to identify common patterns among the individual patients that define subgroups and characterize differing forms of re-organization or compensation.
Individual z-score maps
A voxel wise z-score map for each patient was generated. To do this, a mean and a standard deviation map of the contrast images of the normals were computed. Individual z-score images were thus obtained for each patient by applying the formula (Value patient -Mean normals )/ SD normals at each voxel (Fair et al., 2006) . The result of this process was a three dimensional brain volume-an activation difference map-for each patient where the value of each voxel indicated the number of standard deviations by which signal intensity in the patient voxel differed from the normal group mean (z-score). A voxel was considered to be significant if its |z|-value exceeded 2 following Fair et al. (2006) . To validate this method, the process was repeated on the controls using a 'leave one out' method: a z-score map of each control subject compared to the other 18 controls was computed. We performed an additional, more conservative analysis on difference maps |z|43.
Collective penetrance maps
To assess the range and location of patient population variability compared to the control group, a masked image of each z-score map was created. For each patient, any voxel exceeding the statistical threshold of 2 SDs was given a value of 1 and any voxel within 2 SDs was given a value of 0. All of the patients' masked images were then used to create an average image which was multiplied by 100. The resulting value of each voxel indicated the percentage of the patient population who had a significant value for that voxel. This process, and the resulting maps, is similar to percentage of overlap and penetrance methods (Xiong et al., 2000; Seghier et al., 2008) . A collective map was generated for all 45 patients. Collective penetrance maps were also generated for subsets of patients according to groups defined by a data driven classification system described in the following section. To validate our use of collective penetrance maps, this process was also performed on the controls' z-score maps that had been created using the leave one out method. The data from the individual z-score maps and collective maps were overlaid on a group map of activation of the control group. The group map was generated through a random effects analysis using the contrast images from the first level analysis.
Classification using z-score maps
In addition to assessing the consistency of areas of significant variability across patients, the individual z-score values were used to separate the patient population into groups using classification techniques. All voxels exceeding the threshold were included in the analysis to account for both peak values and cluster sizes. The volume of data was first reduced through decimation and then classified using principal components analysis (PCA) and k-means clustering. PCA is often used to explore relationships between variables in large data sets through strategic data reduction. It has been demonstrated to be useful in multidimensional data reduction for classification of fMRI data (Dunteman, 1989; Zhang et al., 2005) . K-means analysis is used to divide a sample of points into clusters that minimize intracluster variance represented by the sum of squared distances between all points and the cluster centre (Pollard, 1981; Ray, 1999) . We used k-means clustering to separate the patients into groups based on the results of the PCA of their z-score maps. The number of groups to generate through the k-means cluster analysis was estimated from a dendrogram of the Euclidian distance matrix of the PCA data.
To determine whether groups identified through k-means clustering also showed relevant differences along demographic or clinical variables, group differences were tested using chi square analysis for categorical data, and t-test and analysis of variance (ANOVA) for continuous variables.
Results
The normal group map activation results are shown as grey voxels in the axial slice Figs 1 and 2 (FDR P50.05 corrected). Table 2 provides the coordinates for the activation maxima for the task. Thus only voxels where the patient differed from the control group are shown. (A) z-Score difference map from representative patient with typical language laterality. Note the 'difference activation' in left inferior frontal cortex (IFG) demonstrating activation beyond that seen in normal populations in an area typically associated with the task in the normal population. Difference activation is also seen posterior and superior to areas typically activated in controls in the left temporal lobe. (B) z-Score difference map from patient with atypical language laterality. This patient shows difference activation beyond that seen in the normal left language dominant control group in right IFG, middle temporal gyrus and middle frontal gyrus and left cerebellum. Task activation occurred predominantly along the left superior temporal sulcus/mid temporal gyrus (STS/MTG), the left inferior frontal gyrus, left middle frontal gyrus, mesial superior frontal cortex and caudate. There were less pronounced areas of activation in right IFG and MTG (lower z-score, smaller extent). The individual z-score difference maps showed areas in each patient where their patterns of activation differed from the control group (z-score42). Z-score maps from a representative patient with typical language laterality and a representative patient with atypical language laterality are displayed in Fig. 1A and B.
The collective 'penetrance' map for all patients showed uniformly low values across the collective map when all patients were grouped together, reflecting the variability among the patients. However, subsets of patients were identified based upon patterns of difference map activation identified through the PCA and k-means clustering analysis. K-means cluster analysis identified two broad groups, one with difference maps involving left hemisphere activation [group 1, n = 25 (56%)] and one with right-sided activation [group 2, n = 20 (44%)]. Within each of these two broad groups, two further subsets were identified (Table 3) . Group 1a featured a remarkable cluster of difference voxels in the posterior left posterior superior temporal sulcus [ Table 4 , Fig. 2(1a) ]. Group 1b did not have any voxel clusters exceeding mean normal group voxel signal intensity; these patients showed activation patterns comparable with controls [ Fig. 2(1b) ]. Group 2a had clusters within the right inferior frontal gyrus, middle frontal gyrus, superior frontal gyrus, middle temporal gyrus, right cingulate and left cerebellum [ Table 4 , Fig. 2(2a) ]. Group 2b had clusters primarily in the right inferior gyrus, and middle frontal gyrus, in addition to superior frontal gyrus, right angular gyrus and left cerebellum [ Table 4 , Fig. 2(2b) ].
Demographic/clinical variables by patient subsets
Data were first compared between the two broad groups. The distribution of handedness [ 2 (1, n = 45) = 3.68, P = 0.05] and pathology [ 2 (3, n = 45) = 9.12, P50.05] between the two groups was different (Fig. 3) . The largely left language lateralized group (Group 1) had a small proportion of left-handed individuals (8%) while the atypical language group (Group 2) had a larger proportion of left-handed individuals (30%). MRI findings for Group 1 were most frequently normal (64%), followed by tumour/dysplasia (28%) and MTS (8%). MRI findings for Group 2 showed that 45% were normal, 30% had stroke, 15% had tumour and 10% had MTS. The distribution of the other factors including age, gender, age of onset, indicators of early insult, seizure duration and location of seizure focus were not different between the two groups. Coordinates relate to the point in each cluster with the highest value. L = left; R = right; IFG = inferior frontal gyrus; MFG = middle frontal gyrus; SFG = superior frontal gyrus; MTG = middle temporal gyrus; STS = superior temporal sulcus; OG = occipital gyrus; NA = no activation differences.
Limitations to plasticity Further analysis of the subgroups within the two broad groups was performed, but must be interpreted with caution as some cell counts fall below five. Groups 1a and 1b were significantly different for age which showed greater right sided activation in both frontal and temporal areas, was largely a temporal focus group (71%) with the following distribution of MRI findings: 8 (57%) normal, 3 (21%) stroke, 2 (14%) MTS and 1 (7%) tumour/dysplasia. Group 2b, which showed little difference from normal temporal activation but profound differences in right frontal activation, was largely an extratemporal focus group (67%) with the following distribution of MRI findings: 3 (50%) stroke, 2 (33%) tumour/dysplasia and 1 (17%) normal. Using a more stringent cut-off of z43 to determine the individual difference maps, the k means clustering analysis identifies one subgroup (n = 6) that differs from the other patients. This group overlaps with Group 2 in the original analysis (two from 2a, four from 2b) and is similar in cluster coordinates to Group 2 subgroups (Table 5 ).
Discussion
We found evidence for intra and inter-hemispheric language reorganization in epilepsy patients using a novel quantitative data driven method for comparing individual patient fMRI data to controls. Patients clustered into several groups based on difference activation patterns. One did not differ from the normal population; another showed increased activation in left temporal regions, supporting the notion of intra-hemispheric alteration in language processing; the two other groups had increased right homologue activation suggesting inter-hemispheric shift in language processing.
Several fMRI studies demonstrate a higher incidence of bilateral or right language dominance in epilepsy populations (Binder et al., 1996; Yetkin et al., 1998; Gaillard et al., 2002 Gaillard et al., , 2004 Gaillard et al., , 2007 Adcock et al., 2003; Woermann et al., 2003; Thivard et al., 2005; Weber et al., 2006) . Visual-analysis studies describe activation in right hemispheric homologues, and observe rare activation outside these areas (Gaillard et al., 2004 (Gaillard et al., , 2007 . Quantitative studies relying on ROI methods also find activation in these right homologues in epilepsy (Gaillard et al., 2002; Woermann et al., 2003; Thivard et al., 2005; Weber et al., 2006) and perinatal stroke populations (Staudt et al., 2001 (Staudt et al., , 2002 . However ROI methods restrict examination to predefined anatomic or functional areas, and cannot assess activation outside these areas. We provide further quantitative evidence that activation in right hemisphere occurs predominantly in right homologues to Broca's and Wernicke's areas and the distributed language processing network that includes the middle frontal gyrus implicated the working memory demands of language tasks (Berl et al., 2005) , and angular gyrus implicated in semantic processing (Chou et al., 2006b; Humphries et al., 2007) .
Identifying atypical cognitive activation patterns using functional imaging in patient populations is problematic because they are heterogeneous. Our method uses a voxel wise approach applied on an individual basis that takes into consideration normal control variability Muller et al., 2003; Turkeltaub et al., 2004; Fair et al., 2006; Price et al., 2006; Seghier et al., 2008) to identify how an individual patient differs from the normal population. The second level classification, using a principal components and cluster analysis of the resulting z-score difference maps, is then employed to identify subgroups within the patient population. An additional advantage of this approach is the ability to reveal common patterns of activation in regions outside those usually considered in language studies and that may otherwise be overlooked including changes in the dominant hemisphere adjacent to language processing areas. It considers both the extent and degree of activation and is less susceptible to One subgroup, n = six patients is identified. Coordinates are comparable to group 2b in Table 4 . L = left; R = right; IFG = inferior frontal gyrus; MFG = middle frontal gyrus; SFG = superior frontal gyrus; STS = superior temporal sulcus; NA = no activation differences.
threshold effects than laterality indexes (Gaillard et al., 2002; Berl et al., 2006) . We used a difference map threshold of z42 for the primary step of our cluster analysis following Fair et al. (2006) . Two standard deviations is also a commonly accepted threshold for many clinical and research investigations with a 5% chance of Type I Error. Spurious and random differences deriving from Type 1 Error in the primary step are unlikely to cluster in the second-level analysis using cluster and penetrance analyses. Other investigators have used z approximating 3, for structural VBM individual difference maps Rugg-Gunn et al., 2001 . However, the context of these studies differs in two meaningful respects. First, they did not conduct any further analyses. Second, they seek small areas of focal abnormality to determine the bounds of surgical resection, which requires a much more strict threshold for Type 1 Error and acceptance of greater Type 2 Error. At this more conservative threshold, the 'within hemisphere differences' among the group 1 subgroups are not sustained-that is, they match the control population. The right hemispheric differences hold for a smaller subpopulation where difference activations have comparable coordinates to Group 2 subgroups. The evidence for intra-hemispheric differences is modest, but appears present in a small population.
With the methods used in this study we cannot distinguish between re-organization and compensation. For example, activation in right regions may indicate the right hemisphere has assumed language processing functions that normally reside in the left hemisphere. However, activation in the right may also reflect recruitment of these areas by some patients to achieve adequate task performance. Unlike ROI analysis employed to generate an asymmetry index, this method does not provide determination of language dominance. Increased task difficulty or linguistic complexity is associated with increased magnitude and extent of right activation (Just et al., 1996; Gaillard et al., 2001) . Patients with left seizure focus have reduced laterality indices in temporal and frontal regions even though they may remain left language dominant (Berl et al., 2005) . Transcranial magnetic stimulation studies of verbal fluency using 15 O water PET demonstrate increased activation in right Broca's homologues when left Broca's is suppressed (Thiel et al., 2006) . The degree of fMRI asymmetry may be related to interictal activity in the left hemisphere, and case reports describe normalization of fMRI laterality when left epileptogenic tissue is resected (Helmstaedter et al., 2006; Janszky et al., 2006) . These observations provide support for theories that the left hemisphere modulates recruitment in right homologues (Boatman et al., 1999) . While activation in angular gyrus is not seen in our word definition decision task, other investigators describe recruitment of angular gyrus in tasks that place emphasis on semantics (Chou et al., 2006a; Humphries et al., 2007) and imagery (Just et al., 2004) . Recruitment of angular gyrus may reflect a different strategy for task processing in this sub-population. Our study also provides evidence for intra-hemispheric reorganization-or compensation-predominantly in the temporal lobe. ECS studies show widespread disruption, including anterior temporal lobe and middle frontal gyrus, of object naming and auditory response naming (the overt version of our task) in patients with epilepsy and gliomas (Ojemann et al., 1989; Devinsky et al., 1993; Hamberger et al., 2007a, b; Sanai et al., 2008) . However, these findings may not reflect function in normal subjects. Differences between ECS and fMRI may due to tasks used (Malow et al., 1996) , or differences between brain disruption induced by stimulation versus activation elicited by BOLD methods Pouratian et al., 2002) . Only one study directly compares the same paradigm, an auditory response naming task, between functional imaging and electorcortical stimulation; this study finds good but not complete agreement on an individual basis . Our normal group maps did show activation extending along the superior temporal sulcus, including anterior extensions in addition to dorsolateral prefrontal cortex, and overlaps with cortex disrupted in ECS studies, but not intra-hemispheric variance. One fMRI study examined the point of maximal fMRI activation in the right frontal lobe in a small number of patients with left hemisphere epilepsy using a verbal fluency task and found the maxima displaced posteriorly and inferiorly towards the insula (Voets et al., 2006) . We do not find evidence for activation beyond that seen in normal volunteers in a substantial number of patients in left anterior temporal lobe or right insular regions. Rather we find recruitment of regions adjacent to classical language processing areas, particularly in posterior superior temporal sulcus. It is unclear whether these areas are critical for language processing, or represent alternative strategies for receptive language processing.
These data also suggest an effect of the seizure focus on language network organization. Inter and intra hemispheric difference clusters involving temporal neocortex were associated with a temporal focus. In contrast, extra-temporal foci were associated with alteration in anterior language networks only. As temporal foci may also be associated with changes in IFG activation then frontal functions may be more sensitive to perturbations regardless of location of seizure focus than posterior functions such as receptive speech cortex. ROI analysis has found evidence for similar remote effects of temporal lobe epilepsy (Billingsley et al., 2001; Berl et al., 2005) and have also been observed in structural MR and FDG-PET studies of cerebral metabolism (Theodore, 1988; Henry et al., 1992; DeCarli et al., 1995; Bernasconi et al., 2001 Bernasconi et al., , 2003 .
Younger age, shorter epilepsy duration and female gender were associated with the group showing temporal lobe intra-hemispheric reorganization. Findings in the literature are equivocal regarding gender differences in language activation due possibly to the complexity of the many variables that might influence activation (Shaywitz et al., 1995; Frost et al., 1999; Plante et al., 2006) .
Step-wise analysis, however, may facilitate separation of the contribution of such factors to varying activation patterns. Our findings hint that females may more readily be able to compensate or reorganize language intra-hemispherically in temporal regions (Cao et al., 1999; Heiss et al., 1999; Warburton, 1999; Saur et al., 2006; Meinzer et al., 2008; Raboyeau et al., 2008) .
Brain injury or epilepsy onset before the age of six is associated with the inter-hemispheric transfer of language capacity identified by IAT or fMRI (Rasmussen and Milner, 1977; Springer et al., 1999; Gaillard et al., 2007) which is supported by behavioural studies of children with early brain injury (Bates and Roe, 2001) .
ECS data suggests the intra-hemispheric reorganization they identify is associated with later onset epilepsy or brain injury (Devinsky et al., 1993) . In this study, we find no overall difference in age of epilepsy onset or brain injury between our left language and atypical language groups. These data suggest other factors in addition to age of injury may play a role in determining within and between hemispheric response to brain insult.
The developmental maturation of language systems may provide a clue to observations regarding the functional expression of atypical language processing networks. Children younger than 7 years old are less strongly lateralized for language dominance than older children and young adults (Gaillard, 2000; Holland et al., 2001) . Maturation of transcallosal connections may contribute to the establishment of language dominance (Boatman et al., 1999) . If injury were to occur in the children who exhibit greater bilateral speech activation, and before dominance is firmly established, then right homologues may ultimately sustain language function. In contrast, children who do not have more bilateral activation would be constrained to adapt by within hemisphere compensation. This hypothesis and the observation that altered language processing networks with preserved language functions are associated with epilepsy onset, or brain injury, before age 6 years supports the notion of developmental reserve as the source of 'reorganization' (Gaillard et al., 2007) .
There are limitations to the extent and location of brain areas recruited to perform receptive and expressive aspects of language processing. This process may be dictated by age and developmental factors, in addition to microscopic brain structure that distinguish Brodmann areas that restrict the range for brain compensation. Knowledge of possible patterns of reorganization/compensation, as well as clinical variables that correlate with them, may have implications for predicting which epilepsy patients fare better in terms of developmental and post-surgical outcomes. Our methods are data driven, are not based upon a priori assumptions, and provide a means of identifying heterogeneity among patient subgroups that may vary from normal populations. These methods should also have application to investigating developmental disorders and the effect of brain based diseases on the expression of cognitive functions.
